The expansion of photovoltaic solar energy in the world is significant. However, its contribution to decreases in greenhouse gases (GHG) is not an absolute guarantee. In this context, it is necessary to evaluate its benefits in advance, considering the structure of the electric energy supply matrix of the country producing the photovoltaic solar system, as well as the country where the technology will be implemented. This study evaluates the adoption of renewable sources for electric power generation in a country with a high share of renewable energy. A life-cycle assessment (LCA) of a set of multi-Si photovoltaic (PV) systems installed in the Brazilian northeast (NE), was carried out. The actual generation data of 10 plants totaling 1.1 MWp installed capacity were evaluated during two years of operation. Energy payback time (EPBT), greenhouse gas emission rate (GHGe-rate), and emission payback time were calculated. The great influence of the electric matrix characteristics of the country manufacturing PV systems was evidenced in the results. The interconnected Brazilian electrical system had a 2020 projected GHGe-rate of 63.9 g CO 2 /kWh, while the results of 70% of the photovoltaic solar power plants (PSPS) assessed herein exhibit higher GHGe-rates. Thus, in countries where the electric matrix comprises a high share of renewable sources, such as Brazil, the incentive to use PV systems manufactured in nations whose electric matrix registers high emission factors should be well evaluated in terms of the impacts of GHG concentrations and the promotion of sustainable development, in order to avoid indirect import of significant amounts of carbon embedded in the systems.
Energy and GHG Emissions
Several anthropogenic sources are credited as GHG emitters. Two of these are considered the main sources when carrying out an overall assessment, due to the daily amounts released, originating from the production and use of energy (fossil-fuel burning), namely those derived from land use, land-use change, and forests, as well as from agriculture.
Applying the International Energy Agency's (IEA) Key World Energy Statistics 2017, it is clear that the world's energy matrix is dominated by fossil fuels. In 2015, fossil fuels accounted for about 81% of the world energy matrix, and, of this total, oil accounted for 31.7%, representing the largest share, followed by coal at 28.1%, and natural gas at 21.6%. Renewable sources participated with 12.2%, and nuclear energy accounted for 4.9% (Figure 1 ) [10] .
In terms of electricity supply, in 2015, 68.5% of the world's electricity generation came from fossil-fuel burning. In that same year, the electricity supply from renewable sources corresponded to about 23% of this total, with hydroelectricity being responsible for the largest amount at 16% (Figure 2) [9, 11] .
GHG emissions from electricity generation depend on the intensity of CO 2 /MWh linked to the technology and fuel used in the processes. Thus, as countries present different energy resource availabilities, they undergo different technological development processes and make use of different techniques and technologies, leading to considerable variations in carbon intensity variations. From a worldwide perspective, by 2016, the IEA [12] presented an emission scenario of certain countries or groups of nations using 2012 data, where the variation of emission factors in each electric sector was recorded. Figure 3 displays a list of countries, economic blocs and continents and their respective emission factors concerning the electricity sector. Brazil presents a significantly lower emission factor when compared to the United States of America (USA), China, and the rest of the world. In China, fossil fuels present a high participation in the electric matrix, representing 72.8% in 2015, of which 70% was coal [13] .
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According to Brazil's Ministry of Science, Technology, Innovation, and Communication, (MCTIC), emissions from the energy sector increased from 187,739 Gg CO2-eq, in 1990 to 328,377 Gg CO2-eq, in 2005, representing a 44.3% increase. From 2005 to 2012, a 35.9% increase was observed, reaching 446.154 Gg CO2-eq. In the forest sector, the opposite was observed, with a 39.2% decrease between 1995 and 2005, and another, more significant reduction, of 85.1% from 2005 to 2012 [16] .
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According to Brazil' This new relative participation of each sector in total GHG emissions in Brazil is displayed in Figure 4 , where the percentage participation of each sector in the total GHG emissions for 2005 and 2012 is presented. Total emissions decreased from 2,042,998 CO 2-eq in 2005 to 1,203,424 Gg CO 2-eq in 2012, a 41.10% reduction [16] .
Despite the growth of fossil fuels in the past few years, the Brazilian electricity matrix also presents a predominant participation of renewable energies, at 81.7% of the domestic supply of electricity in 2016, with wind power contributing with 4.9%, biomass with 5.7%, and hydrogeneration representing 68.1%. This significant presence of renewable sources in the Brazilian electricity matrix ensures a privileged rank among developed nations when it comes to GHG emissions from the energy sector. However, an increase in the share of non-renewable sources in electricity generation was also observed, increasing from 12.9% in 2011 to 18.3% of the total generated in 2016 [17] . According to the studies regarding the expansion of the EPE-developed systems, the PDE2026
[18] and the PNE2050 [19] , projections indicate that the proportion of renewable sources in the electricity matrix will be maintained in the coming decades. The projection of the emission factor of the national interconnected system (SIN) for 2020 reaches 63.9 g CO2-eq/kWh, slightly lower than that of 2012 at 65.3 g CO2-eq/kWh ( Figure 6 ) [14] .
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In 2013, Dale et al. combined electricity generation LCA data with scenarios developed using the According to the studies regarding the expansion of the EPE-developed systems, the PDE2026 [18] and the PNE2050 [19] , projections indicate that the proportion of renewable sources in the electricity matrix will be maintained in the coming decades. The projection of the emission factor of the national interconnected system (SIN) for 2020 reaches 63.9 g CO 2-eq /kWh, slightly lower than that of 2012 at 65.3 g CO 2-eq /kWh ( Figure 6 ) [14] .
In 2013, Dale et al. combined electricity generation LCA data with scenarios developed using the Model for Energy Supply Strategy Alternatives and their General Environmental Impact from the International Atomic Energy Agency (IAEA's MESSAGE) to analyze the environmental impacts of future generation of electric energy in Brazil. The results of the cost-optimal baseline scenario of this study projected a SIN emission factor (CO 2 /MWh) for 2040 at 100% increase compared to 2010 [20] . Another study in 2018, developed by Barros et al., points to the reduction of carbon footprint in the generation of electric energy in the projection for 2026, the reference year of official studies carried out by the EPE [21] . In the present study, the data projected by official Brazilian government studies were used.
In 2014, compared to the previous year, GHG emissions in Brazil decreased 2.9% in both the SIN and in isolated systems, where emissions registered a 42% reduction. In 2015, GHG emissions from electricity generation fell by 4.7% compared to 2014 levels [22] . In 2014, compared to the previous year, GHG emissions in Brazil decreased 2.9% in both the SIN and in isolated systems, where emissions registered a 42% reduction. In 2015, GHG emissions from electricity generation fell by 4.7% compared to 2014 levels [22] . Currently, several programs and initiatives are available in the country encouraging the use of renewable energy and conservation or energy efficiency in the pursuit of sustainable development. The main plan for the Brazilian energy sector is the 10-year energy plan (Plano Decenal de Energia, PDE), which seeks to incorporate actions that comply with the national policy on climate change, mitigating GHG emissions and seeking low carbon emissions in power generation. These initiatives study and encourage the expansion of hydroelectric and other renewable sources, such as windpower plants, small hydropower plants, bioelectricity, and solar energy, as well as increased energy efficiency [15] .
These actions are in line with the Nationally Determined Contribution (NDCs) presented by Brazil under the Paris agreement, with the goal of reducing GHG emissions by 37% in 2025, and by 43% in 2030 compared to 2005, using the GWP-100 metric (IPCC AR5). In order to meet the growing demand for electricity with decreasing emissions in the sector, one goal is to expand the share of renewable energy (in addition to hydropower) to at least 23% by 2030 [24] .
Renewable Sources and Public Policy to Encourage Distributed Generation
The adoption of incentives to use the New and Renewable Sources for Electric Power Generation (E-FER) is one of the main actions of nations to promote the use of these sources in the world. This occurred initially in the 1970s when, due to the oil shock, some countries began expanding their investment in research and development (R&D) concerning renewable energy sources. Subsequently, in the 1990s, a greater engagement of some countries in the debate on the environmental issue was observed, encouraging the commercial introduction of these sources in the market. Several legal and fiscal initiatives boosted the use of these sources, both by reducing GHG emissions and searching for energy supply security [25] . Currently, several programs and initiatives are available in the country encouraging the use of renewable energy and conservation or energy efficiency in the pursuit of sustainable development. The main plan for the Brazilian energy sector is the 10-year energy plan (Plano Decenal de Energia, PDE), which seeks to incorporate actions that comply with the national policy on climate change, mitigating GHG emissions and seeking low carbon emissions in power generation. These initiatives study and encourage the expansion of hydroelectric and other renewable sources, such as wind-power plants, small hydropower plants, bioelectricity, and solar energy, as well as increased energy efficiency [15] .
The adoption of incentives to use the New and Renewable Sources for Electric Power Generation (E-FER) is one of the main actions of nations to promote the use of these sources in the world. This occurred initially in the 1970s when, due to the oil shock, some countries began expanding their investment in research and development (R&D) concerning renewable energy sources. Subsequently, in the 1990s, a greater engagement of some countries in the debate on the environmental issue was observed, encouraging the commercial introduction of these sources in the market. Several legal and fiscal initiatives boosted the use of these sources, both by reducing GHG emissions and searching for energy supply security [25] .
In Brazil, some programs to encourage E-FER use were created. In 2002, the Incentive Program for Alternative Energy Sources (Fontes Alternativas de Energia Elétrica, PROINFA) was launched, which sought to diversify the Brazilian energy matrix and increase domestic supply security, with the specific objective of increasing the share of electric energy from wind, biomass, and small hydroelectric power plants (SHP) in the national interconnected system (Sistema Interligado Nacional, SIN) [26] . PROINFA was an important initiative to foster E-FER in power generation, paving the way for specific auctions [25] . In 2004, auctions were implemented in the reformulation of the commercialization model of electric energy in the Brazilian electric sector [27, 28] . (Auctions in Brazil were a successful instrument created under the regulatory framework of the new national electric sector, defined by Law 10.848/2004, which determined the guidelines for the expansion of the SIN and for the commercialization of electric energy for consumers in this regulated environment [28] .)
In this context, Normative Resolutions (RN) No. 482/2012 [29] and RN No. 687/2015 [30] are noteworthy, published by the National Electric Energy Agency (ANEEL), which regulates electricity microgeneration and minigeration. (Microgeneration refers to a generating plant connected to the distribution network, whose installed power is up to 75 kW, and which uses qualified cogeneration or renewable sources. On the other hand, minigeneration refers to power plants installed from 75 kW to less than or equal to 3 MW for water sources, or less than 5 MW for qualified cogeneration, as regulated by ANEEL, or for other renewable sources, connected to the distribution network by consumer unit facilities [29] ).
Driven by this resolution, the number of micro-and minigenerator connections in Brazil grew approximately 31-fold between 2014 and 2016, increasing from 284 to 8842 connections. According to ANEEL, this confirms the beginning of a progressive diffusion process of distributed micro-and minigenerators, intensifying from 2016 [31] . Projections for 2026 cite 770,000 connections [18].
Solar Energy in Distributed Generation
Among E-FERs, direct solar radiation is considered in several regions around the globe as one of the best energy source prospects. Active and passive designs are the best ways to convert solar radiation into electricity [32] .
Passive designs use solar radiation to reduce the need for artificial light, or heating in case of colder regions [32, 33] . Active projects, on the other hand, use solar panels to convert solar radiation into water heating or photovoltaic cells to convert solar radiation into electricity. Regarding photovoltaic system costs, values for isolated network systems in 2004 were shown to be anti-economic and non-competitive when compared to other sources [34] . Solar photovoltaic energy costs between 2010 and 2015 decreased by about 75%, according to the International Renewable Energy Agency (IRENA) [35] . Studies carried out by EPE [19] , corroborated by other experts in the field [36, 37] , point out that photovoltaic solar energy will reach tariff parity in Brazil between the beginning and the end of the 2020s.
According to Kenisarin and Mahkamov [38] , the large-scale use of photovoltaic solar energy will only be possible if efficient storage technologies can be developed with acceptable capital and competitive costs. The possibility that grid-connected systems can use the network as substitutes for batteries, from the compensation of generated energy, is an incentive for the implementation of new distributed generation (DG) facilities.
PVSS can be designed with mono/multi crystalline-silicon modules, through the use of thin photovoltaic cell films, or other superior technology presenting higher efficiency [4] . Two major technology categories are defined from the type of semiconductor applied in the system: crystalline silicon in the form of tablets, or thin films of other materials. Module efficiency depends on the applied technologies and the various materials used in photovoltaic cell manufacture. The commercially available mono-crystalline silicon (Mono-Si) modules are 14% efficient, while multi-crystalline silicon modules (Multi-Si) are 13% efficient [39] .
To carry out the life-cycle assessment (LCA) proposed herein, it was first necessary to identify the solar irradiation conditions at the PVSS installation sites, obtain access to the technical specifications of the installed systems, evaluate plant projects regarding type of installation (rooftop or ground-mounted), identify the orientation and slope of the installed panels, and collect data concerning electric energy generation for each plant for a long period of time.
Life-Cycle Assessment of Photovoltaic Solar Power Plants (PSPP)
The life cycle of a product or process is defined from its first interactions with the environment, such as where raw materials are obtained from, as well as their basic processing until final product disposal [40] . An LCA contemplates the environmental impact arising from all the entrances and exits of a product or process, from cradle to grave [7, 41] .
LCA Methodology
Life-cycle studies are generally carried out to evaluate PVSS environmental performance. Two indicators are widely used: energy payback time (EPBT) and greenhouse gas Emission rate (GHGe-rate). These studies generally comprise four stages: goal definition and scope, inventory analysis, impact assessment, and interpretation [6] . This methodology considers the energy embedded in the photovoltaic modules and the energy concentrated in the balance of system (BOS) components.
The equation used to calculate the EPBT of a given photovoltaic system is [6, 42] 
where CED is the cumulative energy demand, equal the sum of primary energy entering the life cycle (E input ; MJp) and the energy required by the balance of system (E BOS ; MJp), E agen is the annual electricity generation by the PVSS (MJ), and n g is the average conversion rate of primary energy into grid electricity in the country where the panel is installed. E input includes the energy required for module manufacturing, transportation, installation, operation, and maintenance, and its final decommissioning or recycling. E BOS is the energy required for BOS components, including support structure, cabling, electronic and electrical components, inverters, and batteries for standard isolated systems.
The GHG emission rate is given by the following Equation [6] :
where GHGe-rate is the GHG emission rate per unit of electricity generated by the PVSS (g CO 2-eq /kWh), GHGe-total comprises the total GHG emissions during the life cycle (g CO 2-eq ), and E LCA-output is the total electricity generated by the PVSS during the life cycle (kWh). Several factors interfere with life-cycle analyses, such as module type, efficiency, fabrication technology, installation location (facade, roof, or floor), mounting pattern, matrix support structure, frame (with or without), type of connection (grid or isolated), and performance rate, including all losses [6, 43] . For a complete analysis of the amount and quality of the generated energy, possible environmental impacts, and contributions to GHG emissions caused by the PVSS, it is necessary that all these configuration possibilities be known and analyzed. The greater accuracy of the LCA results depends significantly on the precise information of the energy consumption data. 
System Boundaries
This study was carried out with the actual generation data of ten photovoltaic solar power plants (PSPPs), in operation for over one year, totaling 1.10 MWp of installed power. These plants are part of a complex of 21 PSPPs installed in NE Brazil, totaling 2.1 MWp.
The following assumptions were made in this study:
1.
The energy data embedded in the production of the PVSS and BOS were obtained using the average values available in the literature. 2.
Real energy generation data of the PSPP in operation for over one year were used. 3.
All stages of the PVSS production process were carried out in the country where the manufacturing plants are located, in this case, China.
The boundaries of the studied system were as follows:
• The combination of photovoltaic module manufacturing, BOS material, and photovoltaic energy production were considered for the system. • Direct emissions from the manufacturing process of the PV modules and the emissions originated in the energy generation process required for the manufacturing were accounted for.
•
Data regarding transport and the recycling process were considered, but the results of these two items were presented separately from the others.
PVSS Material and Energy Inventory
Over time, several studies were developed to evaluate PVSS manufacture energy consumption and GHG emissions. Between 1995 and 2015, the following studies were carried out in this regard: Phylipsen and Alsema [44] , Alsema et al. [45] , Battisti and Corrado [46] , Pacca et al. [47] , Alsema and Wild-Scholten [48] , Wild-Scholten [49] and Yue et al. [42] . A summary of the total energy values involved in the manufacturing process of PV systems developed in the last decade is presented in Table 1 .
The means of the values obtained in the literature from 2005 to 2014 were used in this study. The sources of the values used to calculate the means were 3940 [50] , 4322 [47] , 3120 [48] , 2699 [49] , and 3010 [42] . These values tend to reflect the technological evolution of the panel manufacturing process, which would result in values closer to the energy demanded by the PVSS. The primary energy required for the manufacture of PV systems is 3418.20 MJ p /m 2 , which, taking into account the average electrical efficiency of the grid of the surveyed countries, resulted in an estimated electricity consumption of 310.17 kWh/m 2 . This value is close to the results reported by Marimuthu and Kirubakaran [4] carried out in a solar power plant in India, with a value of 277.11kWh/m 2 , disregarding transport, material mining for Si, and the recycling process.
In addition to the energy embedded in the PV modules, the energy concentrated in BOS components, must also be considered. BOS includes inverters, controllers, junction box, and cabling and support structures, among others. Different studies carried out regarding BOS energy in different installation situations include Alsema et al. [45] , Frankl et al. [51] , Pacca and Silvaraman [47] , Alsema and Wild-Scholten [48, 50] , and Alsema and Nieuwlaar [52] . Table 2 presents the required energy for the various BOS items published in several previous studies.
In order to convert the primary thermal energy data required for panel fabrication and installation, one must apply the electricity generation efficiency index. In the USA, efficiency was determined as 0.29 [53] and 0.33 [54] according to the characteristics of the fuels used in the plants. Alsema and Wild-Scholten [55] obtained a result of 0.31 for the global conversion coefficient of the electric grid in the western European continent, while Raugei et al. [56] estimated this at 0.32. The panels evaluated in the present study were produced in China. Thus, the electricity generation efficiency indexes applied herein were 0.22 for China [42] , 0.625 for Brazil [57] , and 0.33 as the average primary energy consumption data applied for other countries. For the calculation of the emissions related to PV system transportation, data concerning the plants, the distances between the plant and the installation site, and the means of transport used with their respective CO 2 emission rates were used. Regarding the PV system recycling process, literature data were used [58] as well as the projects of the mills. However, we decided to present the transport and recycling process results separately from the other items due to the low representativeness in this LCA study of the emissions generated during the transport and recycling process in relation to total emissions (0.81% and 0.72%, respectively) and to facilitate the comparison of the results of this study with others available in the literature, covering both studies that include and those that do not include these two items. Thus, the conclusions of this study are solid and may be used in other countries presenting a high share of renewable energy sources, reducing possible distortions due to different geographical locations. 
Carbon Inventory
Photovoltaic modules do not record GHG emissions during their operation. On the other hand, when considering PVSS life cycles, GHG emissions are predominantly identified in the manufacturing process of PVSS component parts. These are classified as direct emissions originating from the component manufacturing process or indirect emissions from the consumed energy associated to the PVSS production country's electricity generation emission factor.
According to Marimuthu and Kirubakaran [4] , CO 2 emissions during the photovoltaic panel manufacturing process are 57.19 kg CO 2 /m 2 . About 87% of these emissions originate from the aluminum production. In this study, 1.25 m 2 modules were used and the Si mining process was disregarded. Array support and cabling emissions were estimated at 6.1 kg CO 2-eq /m 2 and inverter emissions were estimated at 125 kg CO 2-eq /kWp.
Leccisi, in 2016, reported 1300 kg CO 2 /kWp for systems manufactured in Multi-Si in China [59] . In 2017, Kommalapati carried out an extensive literature review using LCA to evaluate GHGe-rates, and compared different PV systems and solar concentrators used in electric power generation. After a statistical analysis of a sample with 35 studies for Multi-Si PV, Kommalapati found a mean value of 73.68 g CO 2 /kWh h [60] . It is important to emphasize that most studies of this sample theoretically calculated the energy generation results.
Several factors may interfere with electricity consumption and GHG emissions estimates, with uncertainty regarding the available data, in addition to different assumptions applied in different studies, leading to variations in the results. Information on energy consumption for each manufacturing process stage depends on the manufacturers, while the emission factor information of the country where the system is manufactured depends on the voluntary information of each country [6, 61] .
Data from the literature were used for energy consumption, namely from the IPCC, IEA, and MCTIC. Table 3 presents the emission factors for the country where the evaluated panels were manufactured, and, for Brazil, where the panels were installed. 
Balance of System (PVSS EPBT and GHG Emission Rate)
The methodology used for PV plant EPBT calculation was based on the following steps:
1. Energy values required in PV systems and their installation structures were obtained from literature, given in MJ p /m 2 ; 2.
Each PSPP area was used in order to calculate the total required primary energy (MJ p ); 3.
Electricity values generated by each evaluated PV plant, in kWh, were field collected; 4.
Values were converted from kWh to MJ; 5.
EPBT was calculated using Equation (1). The efficiency factor of the electric matrix of the country where the PSPP is installed was used, in order to convert the generated electricity values to primary energy.
The following steps were carried out for the PSPP GHGe-rate calculations:
1. Values were converted from primary energy to electric energy from the total required primary energy of each PSPP (MJp), expressed as MJ; 2.
Values were convered from MJ to kWh;
3.
Electrically generated GHG values embedded in the PV system manufacture and installation were calculated. The emission factor of the electric matrix of the country where the PV system was developed was used, expressed as g CO 2-eq /kWh (Table 3) ; 4.
Estimated GHG values emitted directly from PVSS material procurement and manufacturing were compiled, expressed as g CO 2-eq /m 2 ; 5.
All direct and indirect GHG emissions (steps 3 and 4) were summed, expressed as g CO 2-eq ; 6.
GHGe-rates were calculated using Equation (2) and the electricity data generated at each PSPP. The GHGe-rate result was expressed as g CO 2-eq /kWh.
Other applied parameters and indicators were calculated for greater accuracy, as explained below:
• A degradation of 0.5% per year was considered for the projection of the energy generated by the PSPP, in the years following the actual collected data [62] .
•
The total emissions avoided during the plant lifespans were obtained by multiplying the value of the electricity generated per year (given in MWh) by the emission factor of the projected SIN (given in t CO 2 /MWh). We considered that the SIN emission factor after 2020 would remain stable at the official value projected for this year by the Brazilian government.
The emissions generated by the PV systems were obtained by multiplying the electricity consumption built into the panels by the emission factor of the country where the panels were manufactured, adding direct CO 2-eq /m 2 emissions to this value.
The return time of the emissions generated in the manufacturing of the systems was calculated using Equation (3).
Case Study: Solar Power Plant Generation in NE Brazil

Brazilian Solar Potential
Brazil, a country located mostly in the inter-tropical region, exhibits great potential for high solar energy production all year round, and areas located in NE Brazil display mean annual solar radiation values comparable to the best regions of the world in this regard [63, 64] (Figure 7) .
In a comparative analysis with other countries, Brazil presents one of the highest global solar radiation indices. Table 4 presents data from Brazil, France, Germany, and Spain [65] . The Brazilian NE region exhibits the best solar potential when focusing on the irradiation data for each Brazilian geographic region (Table 5 ) [64] . In 2013, the Brazilian government provided funds for the financing of sustainable projects to be implemented in federal education institutions, with the purpose of encouraging the use of renewable energies. The Federal Institute of Education, Science and Technology of Rio Grande do Norte (IFRN) approved funding for the installation of 21 photovoltaic solar power plants, totaling 2.1 MWp of installed capacity, representing the largest photovoltaic generation project in a public Brazilian institution. By the end of 2017, 19 of these plants were already in operation, with an installed capacity of 1.87 MWp, and another two are currently undergoing the contracting process. The data from 10 plants in operation with an operating period of more than one year were evaluated herein. Figure 8 displays the geographical location of the PSPP set installed in several cities in the state of Rio Grande do Norte (RN), NE Brazil, with the 10 PSPP comprising this study presented in the zoomed-in area. RN comprises an area of 52,811 km 2 , equivalent to countries such as Denmark and Bosnia.
The PSPP evaluated herein used modules based on Multi-Si. The panels were installed on the ground, on roofs, and on metal structures on the roofs of parking lots. The production process of the panels by Yingli Solar (Supplier 1) and Canadian Solar (Supplier 2) was entirely conducted in China. Table 6 details the characteristics of the PSPPs. In 2013, the Brazilian government provided funds for the financing of sustainable projects to be implemented in federal education institutions, with the purpose of encouraging the use of renewable energies. The Federal Institute of Education, Science and Technology of Rio Grande do Norte (IFRN) approved funding for the installation of 21 photovoltaic solar power plants, totaling 2.1 MWp of installed capacity, representing the largest photovoltaic generation project in a public Brazilian institution. By the end of 2017, 19 of these plants were already in operation, with an installed capacity of 1.87 MWp, and another two are currently undergoing the contracting process. The data from 10 plants in operation with an operating period of more than one year were evaluated herein. Figure 8 displays the geographical location of the PSPP set installed in several cities in the state of Rio Grande do Norte (RN), NE Brazil, with the 10 PSPP comprising this study presented in the zoomed-in area. RN comprises an area of 52,811 km 2 , equivalent to countries such as Denmark and Bosnia.
The PSPP evaluated herein used modules based on Multi-Si. The panels were installed on the ground, on roofs, and on metal structures on the roofs of parking lots. The production process of the panels by Yingli Solar (Supplier 1) and Canadian Solar (Supplier 2) was entirely conducted in China. Table 6 details the characteristics of the PSPPs. 
Results and Discussion
PSPP EPBT
In this study, the average annual energy generated by the 10 analyzed plants, considering the actual generation data, totaled 1675.11 MWh. On the other hand, when considering generation projections, taking into account the annual degradation of PV systems (0.5% per year [62] ), the annual average generation is then reduced to 1578.35 MWh.
When analyzed each PSPP individually; the average annual production projected for PSPP lifespans ranged from 78.56 to 298.45 MWh, respectively, for PSPP 1 and PSPP 7.
The projected consolidated annual average generation of all PSPPs was 1427 kWh generated for each installed kWp. The plant with the best annual generation performance was PSPP 8, reaching 1546.43 kWh/kWp, while PSPP 4 recorded 1236.04 kWh/kWp, the lowest result for all PSPPs. These data are detailed in Table 6 . The EPBT was calculated for the 10 plants based on the energy values required for PSPP production and installation, ranging from 2.9 to 5.16 years ( Table 7) . 
Results and Discussion
PSPP EPBT
The projected consolidated annual average generation of all PSPPs was 1427 kWh generated for each installed kWp. The plant with the best annual generation performance was PSPP 8, reaching 1546.43 kWh/kWp, while PSPP 4 recorded 1236.04 kWh/kWp, the lowest result for all PSPPs. These data are detailed in Table 6 . The EPBT was calculated for the 10 plants based on the energy values required for PSPP production and installation, ranging from 2.9 to 5.16 years (Table 7) . 
PSPP GHG Emission Rate
The GHGe-rate was calculated using the emission data from the energy required for the PV systems and the direct emissions related to the manufacturing process of the systems. Table 8 displays the consolidated emission values for each PSPP, as well as the emission factors of the national interconnected system (SIN) in 2016 and the SIN-projected factor for 2020, which were used to compare the obtained GHGe-rate results of the evaluated PVSSs. The emission payback time indicates how many PSPP years of operation will offset the emissions generated during the manufacturing and installation processes. This calculation was performed in the same way as the EPBT, using the following equation:
Payback time emission = Generated emissions avoided emissions during li f etime li f etime .
The emissions concerning transport and the recycling process represented an average increase of 1.53% in relation to the total emissions generated and presented in Table 9 . These two items are not included in the total displayed in Table 9 , with 0.81% of emissions originating from transportation and 0.72% originating from the system recycling process.
Discussion
The EPBT results were, on average, 1.5 years above the average standards presented by other authors in previous studies [42, [68] [69] [70] [71] [72] [73] [74] [75] , as the primary energy saved by the use of PV systems is lower when installed in Brazil, a country with a grid efficiency factor of 0.625. On the other hand, in studies conducted in the USA [53, 54] and Europe [55, 56] , the EPBT is calculated considering an average grid efficiency factor of approximately 0.327. Thus, results demonstrate that the energy demanded in the production and installation of PV systems is compensated for in a short period when compared to the 25-year shelf life, supported by the literature, since Brazil exhibits high annual average solar irradiation rates [72, 76] .
The 10 evaluated PSPPs present different annual kWh electricity generation results for each installed kWp, which interferes with their respective EPBT ( Table 7) . Productivity variations can be interpreted from the different adopted PVSS configurations (panel orientation and slope) in each plant, different solar irradiations, and the efficiency factor of the studied modules (Table 6 ). Plants using panels from the Canadian solar supplier, namely PSPP 8, PSPP 9, and PSPP 10, display a 16.6% panel efficiency factor, while the Yingli Solar supplier indicates a module efficiency of 14.4%. The plant with the lowest annual productivity (annual productivity is the relationship between kWh generated for each installed kWp) was PSPP 4 (1236.04 kWh/kWp), about 20% lower than the plant with the best result, PSPP 8 (1546.43 kWh/kWp). The highest EPBT was observed at PSPP 4, due to its lower annual productivity, added to the fact that ground-mounted panels require more energy for BOS than rooftop panels [68] .
The unit cost of generated kWh during the PSPP lifetime represented about 45% of the tariff currently contracted to the electricity distributor of each studied site (Table 6 ), indicating the possibility of significant electricity cost savings for PV technology users.
In relation to the 2016 Brazilian grid emission rate (g CO 2 /kWh), only PSPP 4 presented a GHGe-rate higher than that credited to the grid, due to the radiation registered at the site, about 4% below the average observed at the PSPP, as well as the orientation and improper slope in which the panels were installed. It is important to emphasize that 2016 and 2017 had an atypical behavior, with an unfavorable water regime for reservoir storage causing an increase in thermal dispatch, and consequently, an increase in grid emission rate. PSPP 4 results are still 27% higher than the rate projected for Brazil's grid in 2020. On the other hand, the PSPP 4 GHGe-rate represents only 16% of the global average emission factor, and 40% when compared to Canada, which also features an electric grid with a large share of renewables ( Figure 3) .
Regarding GHGe-rate, the average emission rate calculated for the 10 PSPPs was 68.35 g CO 2-eq /kWh, which, when compared to 63.9 g CO 2 /kWh observed for the projected emission rate of Brazil's grid for 2020, is an important warning when adopting renewable energy sources, regarding the emission balance of these technologies. The emission rates in this study ranged from 58.38 to 81.92 g CO 2-eq /kWh. Thus, it is possible to affirm that the average GHGe-rate of the installed PSPPs proved to be more of an emitting solution than when consuming the grid electricity itself.
PSPP 8 presented the lowest emission rate among the evaluated PSPP plants, at 58.38 g CO 2-eq /kWh, about 9% lower than the expected SIN rate for Brazil in 2020. This plant is a rooftop type plant, situated in an area with average annual irradiation of 2039 kWh/m 2 .year. Thus, favorable conditions contributed significantly to these results.
In a comparative analysis with previous studies presented herein, the results obtained are in agreement with the average values reported in the studies that used similar technical parameters and installation conditions (Table 9 ), such as the study carried out by Yue et al. [42] with panels manufactured in China and installed in Europe, which did not consider the energy required for BOS. These authors obtained a GHGe-rate of 69.2g CO 2-eq /kWh for a 30-year lifespan, compared to 58.38-73.33 g CO 2-eq /kWh for a 25-year lifespan, calculated herein. PSPP 4, with an emission rate of 81.92 g CO 2-eq /kWh, is not included in this range, due to particularities regarding the technical conditions of its installation (panel orientation and inclination and site irradiation), and its inclusion could distort the joint analysis of the plants in this regard. The results of this study carried out concerning plants in operation are consistent with the extensive literature review developed by Kommalapati [60] , where the means of the 35 results found for PV Multi-Si was 68 g CO 2 /kWh.
The emissions from the energy required in the PSPP manufacture and installation represent, on average, 84% of the total PVSS CO 2-eq emissions evaluated herein, due to the high influence of the electric matrix emission factor in China where panel manufacturing was carried out, thus establishing reflections on the importance of evaluating the energy matrix of the panel origin country. These analyses should be decisive in the decision-making process, when accounting for the import situation of the systems.
The results obtained in relation to the emissions avoided during the declared plant lifespan of supplier 01, namely PSPPs 1, 2, 3, 4, 5, 6, and 7, are not sufficient to compensate for the emissions generated during the PSPP life cycle. It should be noted that a concentration of CO 2-eq emissions during the panel manufacture year is an aggravating factor when considering GHG global warming potential (GWP) in the atmosphere (Figure 9 ). Table 9 compares between the results of the present study with studies published in the literature. The results reported by Yue [42] presented a significant difference in GHGe-rate for systems when manufactured in China or Europe and installed in Europe, pointing to the influence of the emission factor of the electric matrix of the country where the systems were manufactured. This was confirmed in the present study conducted in Brazil.
Comparing the results reported by Breyer [69] (53 g CO2/kWh) and Yue [42] (69.2 g CO2/kWh) with the present study (58.38-73 .33 g CO2/kWh), excluding from this range PSPP 4 for the aforementioned reasons, all with panels made in China, values point to a coherence between the studies. The best result was obtained in Turkey with an irradiation of 2100 kW/m²/year with 30 years of useful life [69] , with a GHGe-rate about 9% lower than the GHGe-rate found for PSPP 8 in Brazil, installed in a similarly irradiated area, of 2039 kW/m²/year, and which was calculated for a useful life of 25 years.
Over the years, studies indicated significant differences in results, which may be interpreted from several factors, such as the technological evolution of the systems, different climatic conditions, the technical parameters considered in each study, and the depth of the information available. The analysis of the differences between the studies aided in filling knowledge gaps in the subject, seeking to further understand the variables that most interfere with the results and that can be improved in future studies. The results reported by Yue [42] presented a significant difference in GHGe-rate for systems when manufactured in China or Europe and installed in Europe, pointing to the influence of the emission factor of the electric matrix of the country where the systems were manufactured. This was confirmed in the present study conducted in Brazil.
Comparing the results reported by Breyer [69] (53 g CO 2 /kWh) and Yue [42] (69.2 g CO 2 /kWh) with the present study (58.38-73.33 g CO 2 /kWh), excluding from this range PSPP 4 for the aforementioned reasons, all with panels made in China, values point to a coherence between the studies. The best result was obtained in Turkey with an irradiation of 2100 kW/m 2 /year with 30 years of useful life [69] , with a GHGe-rate about 9% lower than the GHGe-rate found for PSPP 8 in Brazil, installed in a similarly irradiated area, of 2039 kW/m 2 /year, and which was calculated for a useful life of 25 years.
Over the years, studies indicated significant differences in results, which may be interpreted from several factors, such as the technological evolution of the systems, different climatic conditions, the technical parameters considered in each study, and the depth of the information available. The analysis of the differences between the studies aided in filling knowledge gaps in the subject, seeking to further understand the variables that most interfere with the results and that can be improved in future studies. A sensitivity analysis was performed to verify the influence of the variation of the following parameters on the results: lifetime, GHGe-rate of the grid where the panels were manufactured, electricity generation, and energy required for manufacturing. The results are summarized in Table 10 . This analysis is relevant due to the degree of uncertainty present in LCA studies. Yu et al. [78] also explored this type of analysis in their study.
The initial reference values of the simulated variables were as follows: lifetime, 25 years; GHGe-rate of the grid where the panels were manufactured, 911 CO 2-eq /kWh; and electricity generation for each PSPP (Table 6 ), 3418.20 MJ p /m 2 . Two additional scenarios were simulated in this sensitivity analysis, in which the PVSS would be manufactured in Brazil or Canada, countries with low emission factors.
The sensitivity analysis indicates that countries whose electric matrix has a high participation of renewable sources are attractive for the production of PVSSs, since the GHGe-rates for these systems are better than the country's own grid, unlike when these systems come from countries with a predominantly fossil-fuel electrical matrix, such as China. In this sense, national territory promotion of the production chain is worth pointing out as a long-term strategy, allowing for the maintenance of Brazil's low GHG emission matrix, aligned with the Paris Agreement, while also generating employment and income.
Limitations
The limitations experienced during the research depend on uncertainties in relation to the data provided by the different suppliers and obtained from the literature, especially when it comes to the primary energy demand information for the different stages of panel production and the installation process presented in Tables 1 and 2 .
The emission factors of the electrical matrix presented by the countries that supply the photovoltaic systems display a significant impact on LCA study results. These data are made available voluntarily by each nation, based on internal information concerning the mix of technologies used in their electrical matrix.
The calculation of avoided GHG emissions due to energy production from the installed photovoltaic systems considers the Brazilian emission factor projection. The values declared by the government until 2017 were considered, while, from 2018 to 2020, values were projected. From 2020, we considered that the emission factor would remain stable as a goal predicted by the Brazilian government.
A differential point of this study is the use of actual generation data for a period of two years. However, for the panel-generated energy projection during its entire useful life, the degradation rate of the system was taken into account, as reported in the literature. In addition, uncertainties regarding climate variability are also present, which will be reflected in the future generation of electric energy. 
Conclusions
An LCA study was conducted with 10 photovoltaic solar power plants manufactured in China in operation in NE Brazil, where EPBT and GHGe-rate were calculated. From an economic viability point of view, the PSPPs presented a significantly lower generated cost of energy during their lifespan than the prices contracted to the electricity distributor, implying investment returns in a short period of time.
Regarding the PVSS energy balance, EPBT ranged from 2.91 to 5.16 years, representing, on average, only 16% of its useful life, indicating a relatively fast return of the energy required for PVSS manufacturing and installation when compared to a 25-year PVSS lifespan.
With regard to CO 2-eq concentrations and their respective contributions to global warming, it is worth noting that the analyzed plants are manufactured in China, a country with a high emission factor in the electric matrix. The average GHGe-rate of the installed PVSS was higher than the emission factor projected for the Brazilian grid. This means that, in order to increase the share of renewable energy in the Brazilian electricity matrix, the importation of PVSS from fossil-based countries should be more carefully analyzed, or even rethought. It should be noted that several government incentive programs and subsidies for technology promotion exist in Brazil, opening space for the reflection of incorporating metrics of an increasing national production in the medium term as an instrument of market regulation.
On the other hand, based on two proposed scenarios simulated in the sensitivity analysis, if the PSPP were to be manufactured in Brazil or Canada, both presenting low emission factors, the emission results associated with electricity production due to the PSPP implementation in Brazil are attractive. The emission rates in both scenarios presented much lower results than the Brazilian SIN rates projected for 2020.
The strategy of some photovoltaic panel manufacturers to open manufacturing plants in nations that exhibit a low emission factor electrical matrix will only make a significant contribution to the mitigation of GHG emissions if the new energy intensive stages of the GHG process are carried out in these new units. On the other hand, if only part of the process, such as the assembly of the PVSS, is carried out in these plants, this initiative will only be characterized as a strategy to obtain tax benefits and commercial advantages, not contributing significantly to GHG emission reduction.
The Brazilian government seeks to replicate the generation model from renewable sources in most buildings in the federal education sector, representing approximately 500 new PSPPs. In this context, it is essential that studies be developed and criteria established for the selection and contracting of solutions to simultaneously meet technical, economic and environmental feasibility. In addition, the results of this research were for PSPPs installed in NE Brazil, presenting the highest irradiation average in the country. Thus, results will be more unfavorable for future PSPPs installed in other regions of the country.
In countries with a large share of renewable sources in their electrical matrix, such as Brazil, Canada, and Norway, among others, the importation of PVSSs should be analyzed carefully, in order to avoid importing systems from countries with high GHGe-rate electric matrices, as a result of a high share of fossil fuels, where, in the Chinese case, coal accounted for 70% in 2015, which can configure, in a way, coal importation embedded in renewable energy systems. Thus, in fossil-fuel-based countries, the use of photovoltaic technology has the potential to contribute to GHG reduction. On the other hand, in countries such as Brazil, where the share of renewable energy accounts for about 80% of the electricity matrix, increases in photovoltaic participation require strategic development, as its benefits or losses are strongly related to the origin of the systems in use.
Photovoltaic solar energy in Brazil can pursue the successful strategy observed in the wind segment, seeking scale gains in the promotion of distributed energy generation and in the participation of solar energy auctions, which may lead to reduced costs. However, other variables must be incorporated in the financing process subsidized by the Brazilian National Development Bank (BNDES), such as life-cycle assessments in terms of emissions and job creation in the country. This approach can leverage greater environmental sustainability, along with employment generation and national technological development.
The strategy of adopting renewable sources without careful planning and analysis considering socio-economic and environmental impacts could alter the lifetime emissions of PVSSs, leading to opposite effects when seeking to use renewable sources to decrease GHG emissions. 
